Electrodynamics and quantum capacity of LixFePO4 battery material Appl. Phys. Lett. 99, 192103 (2011) Comparison of activation energies of laminated lithium-ion secondary cell using LiCoO2 and LiMn2O4 as cathode material by AC impedance method J. Renewable Sustainable Energy 3, 053106 (2011) Real-time observation of lithium fibers growth inside a nanoscale lithium-ion battery Appl. Phys. Lett. 99, 123113 (2011) Lithium fiber growth on the anode in a nanowire lithium ion battery during charging Appl. Phys. Lett. 98, 183107 (2011) Real-time direct observation of Li in LiCoO2 cathode material Appl. Phys. Lett. 98, 051913 (2011) Additional information on J. Chem. Phys. In lithium ion batteries, decomposition of the electrolyte and its associated passivation of the electrode surface occurs at low potentials, resulting in an electronically insulating, but Li-ion conducting, solid electrolyte interphase (SEI). The products of the SEI and their chemical constituents/properties play an important role in the long-term stability and performance of the battery. Reactivity and the sub-keV core binding energies of lithium, carbon, oxygen, and fluorine species in the SEI present technical challenges in the spectroscopy of these compounds. Using an alternative approach, nonresonant inelastic x-ray scattering, we examine the near-edge spectra of bulk specimens of common SEI compounds, including LiF, Li 2 CO 3 , LiOH, LiOH · H 2 O, and Li 2 O. By working at hard x-ray energies, we also experimentally differentiate the s-and p-symmetry components of lithium's unoccupied states using the evolution of its K edge with momentum transfer. We find good agreement with theoretical spectra calculated using a Bethe-Salpeter approach in all cases. These results provide an analytical and diagnostic foundation for better understanding of the makeup of SEIs and the mechanism of their formation.
INTRODUCTION
Chemical breakdown of the Li-ion battery electrolyte, typically consisting of organic carbonate solvents and LiPF 6 salt mixtures, leads to formation of a solid electrolyte interphase (SEI) at the electrode/solution interface. 1, 2 This passivating layer, which inhibits further decomposition reactions at the electrode surface, is often crucial to the thermodynamic and mechanical stability of the battery electrodes. 3 However, changes in the SEI in response to temperature fluctuations, operating voltage window, and cell impedance can chemically alter and degrade ionic transport at the electrode interface, particularly during long-term cycling. 4 This degradation problem negatively impacts the battery's operation and thus must be fundamentally understood and corrected. Traditional characterization methods including, x-ray photoelectron spectroscopy, infrared spectroscopy, electron energy-loss spectroscopy (EELS), and low-energy x-ray absorption spectroscopy (XAS), have provided crucial insights into the elemental and chemical composition of the SEI. 1, 5, 6 Such probes can provide information not only on the material composition, but also on the nature of charge transfer and bonding in these materials. 7, 8 However, the combination of air-sensitive materials, x-ray and electron beam damage, and surface-sensitivity of the above methods has led to conflicting results and differing conclusions drawn from analysis of low-energy (generally, small-atomic-number), core-shell spectra. [9] [10] [11] To elucidate the different spectroscopic features observed in proposed a) Author to whom correspondence should be addressed. Electronic mail:
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SEI compounds, we use an alternative method, nonresonant inelastic x-ray scattering (NIXS), as a bulk-sensitive probe of relatively low-energy, core-shell excitations, including the lithium and oxygen K edges. While the SEI depends on the composition of the electrolyte and can evolve with potential, most studies indicate varying quantities of Li 2 O, LiF, Li 2 CO 3 , and LiOH as the most abundant precipitates formed from a standard LiPF 6 -based organic electrolyte. Also, contamination from N 2 and H 2 O can lead to Li 3 N and LiOH · H 2 O, respectively. Akin to the previous measurements performed on Li 3 N, 12, 13 we present similar NIXS results on the remaining compounds. We find that the fine structure of Li K near-edge spectra can be used to distinguish each compound. Furthermore, each spectrum evolves substantially with momentum transfer (q), which we use to experimentally separate s-and p-state-derived spectral features. We also investigate the oxygen, carbon, and fluorine K-edge spectra, which also help distinguish the compounds. As a bulk sensitive measurement, we believe that these spectra will provide a useful baseline for future EELS and XAS measurements that are inherently surface-sensitive. Our results may also be useful for analyzing the complicated admixtures of SEI compounds in future in situ NIXS studies of working battery electrodes.
EXPERIMENTAL
All measurements were taken at the LERIX endstation at the Advanced Photon Source, 20ID and are described in the supplementary material.
14 Within a geometrical factor, NIXS measures the dynamic structure factor, S(q, ω). For the range in energy loss and q available at LERIX, one primarily measures near-edge structure of core-and valence-excitation spectra, such as bulk plasmons and Compton scattering. Both classes of excitations can be seen in a wide energy scan, as shown in the NIXS taken from Li 2 O shown in Fig. 1 . The two momentum transfers illustrate dispersion of the valence excitations to higher energy with increasing momentum transfer, whereas core excitations, such as at the Li and O K edge, remain more fixed near their respective binding energies. For the K edges shown in this paper, we have performed an empirical fit to the q-dependent background caused by the valence NIXS. Since this background is slowly varying over the near-edge energy range that we are considering, comparisons to EELS and XAS spectra should not be seriously affected by this procedure.
RESULTS
To expand on the framework outlined above, we first compare the Li K edge for Li 2 O, LiOH · H 2 O, LiOH, Li 2 CO 3 , and LiF, each of which are shown in Fig. 2 . While the lithium atom in all but LiF is tetrahedrally coordinated with oxygen, there are remarkable differences between the spectra that go beyond previous measurements due to improved energy and q resolution. 15 Traditionally, such differences in near-edge spectra-especially for low-Z excitations-are interpreted using molecular-orbital methods. 16 Band-structure calculations, chiefly carried out within density-functional theory (DFT), 17 extend this approach to solids, but are often unreliable for excited-state spectroscopy, which is heavily influenced by the presence of the core hole and the ensuing electron-core hole interaction. To address this, we calculated excited-state spectra using the Bethe-Salpeter equation (BSE). Its treatment within the context of modern electronic structure methodologies is well established. 18 In the BSE approach, one solves the two-particle equation of motion for the electron-(core) hole pair taking the particles' mutual interaction and lifetimedamping effects into account. The absolute energy scale for each system was aligned to experiment and broadening effects (beyond the calculated electron's self-energy) were added to account for experimental resolution. It is beyond the scope of this work to compare BSE results with those found by other methods for calculating core excitation spectra, but such a comparison may be of interest. We provide further details about the BSE implementation treatment in this work in the supporting information. 13 As seen in Fig. 2 , the agreement between the measured Li K near-edge spectrum and its first-principles theoretical counterpart is reasonable. This increases confidence in both the experimental approach taken in this work and the theoretical approach. That, in turn, helps secure a reference baseline for future in situ measurements that may include one or more of these compounds, in which one may also wish to identify the compounds spectroscopically.
The evolution of the Li K edge with increasing momentum transfer warrants further examination. As seen in numerous prior examples, 12, [19] [20] [21] [22] [23] dipole-forbidden transitions occur in high-q NIXS that are often not seen using lower-energy probes such as low-Z XAS or near-forward-scattering EELS measurements. For the lithium K edge, which involves excitation of an electron from a 1s state, this q-dependence can be used to identify s-type features (monopole l = 0 transitions, in which the electron retains its s-type symmetry) vs. customary p-type features (dipole l = 1 transitions, in which the electron adopts a p-type symmetry). For such an angular-momentum-resolved analysis, the dynamic structure factor is well represented in a spherical harmonics basis, as discussed in the supplementary material. 13 For an orientationally-averaged sample (such as a powder as in the case of this work), this reduces S(q, ω) to a sum of the matrix-element-weighted, angular-momentum-projected, core-hole-perturbed densities of electron final states (akin to the matrix-element weighted l-DOS, ρ l (E) 16 ). In the BSE calculations, the spectra are computed using Fermi's golden rule. In that sense, states to be summed over are stationary states of the effective Hamiltonian in the Bethe-Salpeter equation, in which the ingoing basis set is one of pair states involving products of core-hole and Bloch-state electron wave functions.
As outlined previously, 24, 25 the limited number of unknowns [in this case, the matrix-element-weighted ρ 0 (E) and ρ 1 (E)] compared to the 19 q-dependent partial cross sections measured at LERIX can provide an essentially complete measurement of the local density of states around each lithium atom. By performing a linear regression at each point in energy loss (¯ω), we obtain an experimental measurement of the l-DOS for each compound shown in Fig. 2 . As shown in Fig. 3 , this provides further quantitative comparison between theory and experiment. The overlap between features in the s-and p-DOS provide a quantitative measure of s-p hybridization and can also be used to separate the symmetry of discrete features, such as the core excitons that have been extensively studied in Li 2 O and LiF. 20, 26, 27 While core excitons have not been identified in the other compounds, we have aligned each spectrum to its calculated conduction band minimum (CBM) to clarify the excitonic effects in LiOH, LiOH · H 2 O, and Li 2 CO 3 . To do this, the band structure was shifted in energy to set the conduction band minimum to 0 eV. Similarly, the electron-hole-pair Hamiltonian was shifted in energy so that having a core hole and excited electron at the CBM at infinite separation (so as to nullify interaction effects) would correspond to a zero electron-holepair energy. Approximate binding energies (E B ) for each sand p-type exciton, defined using a state's energy separation from that zero of energy, are shown in Table I . For LiF, and Li 2 O, the energies are in reasonable agreement with prior work. 28, 29 The measured l-DOS also provides insight into a traditional molecular-orbital interpretation of near-edge features. Using DFT supercell calculations that include core-holes, we extract the partial electronic charge densities from excitations corresponding to different near-edge features. Plots of isosurfaces from these partial charge densities reveal commonality between several of the major features in the lithium oxides and hydroxides. The three most common features, shown in Fig. 3(c) , can be attributed to orbitals in (i) tetrahedral Li-O 4 groups, (ii) oxide ions, and (iii) H 2 O/OH groups, and spectral features that emphasize such orbitals are labeled accordingly in Figs. 3(a) and 3(b) .
While the Li 1s initial state allows for significant dipoleforbidden transitions at higher q, the O and F K-edges are much more strongly dominated by dipole transitions for q < 8 Å −1 , with the exceptions of core excitons and concomitant pre-edge features. 20 However, the varied coordination environment around the O sites gives rise to even greater chemical sensitivity of the O 1s edge features in the five SEI compounds, as seen in Fig. 4 . In comparison with Fig. 2 , the shared states between lithium and oxygen are easily identifiable by common features in the lithium and oxygen K edges, especially in Li 2 O. Additional features arising from bonds in hydroxyl, hydrate, and carbonate groups are clearly evident in the LiOH, LiOH · H 2 O, and Li 2 CO 3 O K edges. For instance, the sharp pre-edge feature in Li 2 CO 3 clearly matches the same feature in the carbon K-edge that is commonly associated with the π * orbital in carbonate anions. 30 As shown in Fig. 4 , the peak decreases at high q, owing to p-type symmetry that is most prevalent within the dipole limit. Overall, the calculated spectra resemble the measured ones, with minor discrepancies in the LiOH and LiOH · H 2 O spectra, possibly due to proton mobility changing the effective crystal structure or the lack of vibrational effects in the calculations. For instance, the lithium hydroxide monohydrate spectrum clearly resembles previous measurements taken from water 31 more than the present spectrum for the anhydrous LiOH compound.
CONCLUSIONS
The O and Li K edges both exhibit clear and substantial chemically relevant differences across this suite of SEI compounds. As a hard x-ray scattering technique, core-shell NIXS provides a reliable spectroscopic probe for near-edge excitations and can often provide a quantitative distinction of excited states with different symmetries. Beyond NIXS, these data provide a valuable starting point for emerging in situ EELS studies and soft x-ray sources used for XAS. 32 Theoretical approaches toward understanding near-edge core excitations have historically proven challenging due to strong electron-core hole interactions. However, the Bethe-Salpeter approach provides an extremely robust counterpart to the NIXS measurements, including its extension to substantial momentum transfers. Having such a theoretical component of a research effort is especially helpful when seeking to understand more reactive SEI species, such as Li 2 O 2 or LiO 2 , that often lack well-defined crystal structures. 33 While analyzing an actual SEI consisting of a mixture of these compounds is undoubtedly challenging, these spectra will provide a valuable baseline for beginning such a principal component analysis. The U.S. Government retains for itself, and others acting on its behalf, a paid-up nonexclusive, irrevocable worldwide license in said article to reproduce, prepare derivative works, distribute copies to the public, and perform publicly and display publicly, by or on behalf of the Government.
